Background/Aims: Inducible nitric oxide synthase (iNOS) plays a crucial role in ischemia/ reperfusion (I/R). Autophagy is involved in irreversible cell injury and death under extreme conditions. However, whether iNOS mediates myocardial ischemia/reperfusion (I/R) injury in endothelial cells via autophagy remains ill-defined. In this study, we examined whether I/Rmediated up-regulation of iNOS is critical in the modulation of cell migration and apoptosis via autophagy in human umbilical vein endothelial cells (HUVECs). Methods: iNOS expression was detected in HUVECs using Western blotting analyses and immunocytochemistry. An in vitro scratch assay was performed to detect cell migration. The autophagy markers ATG5, LC3B and BECN were detected using Western blotting analysis and adenovirus-mRFP-GFP-LC3. The pharmacological inhibitor of autophagy 3-MA was also applied to confirm the role of autophagy in I/R. Results: I/R induced the expression of iNOS, which subsequently increased the migration and apoptosis of HUVECs and was associated with the up-regulation of autophagy. The iNOS specific inhibitor L-NAME abolished I/R-induced autophagy, while L-NAME and 3-MA both attenuated cell apoptosis and migration induced by I/R. Conclusion: These findings suggested that I/R-induced iNOS regulates migration and apoptosis in HUVECs via autophagy, which indicates a new therapeutic strategy for individuals with I/R injury.
plated, and passaged upon confluence to perform an experiment, and each experiment was performed using HUVECs between P10 and P15.
Cell-simulated ischemia/reperfusion model
The I/R model was a modified version of a previously described method [5, 33, 34] . First, normal culture medium was replaced with serum-free DMEM prior to the start of the experiment. Following pregassing with 95% N 2 and 5% CO 2 for a minimum of 5 min, the ischemic buffer (1 mM NaH 2 PO 4 , 24 mM NaHCO 3 , 2.5 mM CaCl 2 , 118 mM NaCl, 16 mM KCl, 0.5 mM sodium EDTA, 20 mM sodium lactate, pH 6.8, 37°C) was added to the cells, which were then placed in a sealed chamber containing the deoxygenation reagent, resulting in the consumption of O 2 and the production of CO 2 . This Anaero-Pack system (Mitsubishi Gas Chemical Company, Inc.) created near-anaerobic conditions, with an O 2 concentration of <1% and a CO 2 concentration of approximately 5% following a 1-h incubation at 37°C [35] . To directly determine the efficacy of the equilibrating system, the PO 2 of the medium was measured directly in a few of the experiments using a phosphorescence decay method [36, 37] . The actual supernatant PO 2 values were 4.5 ± 0.3 mmHg (mean ± SEM). Cells in a 24-well plate were treated with an ischemic buffer solution (1 mL/well) for 2 h prior to incubation in glucose-containing DMEM at 37°C in 95% O 2 and 5% CO 2 (reperfusion) for 24 h.
Lentiviral transduction of HUVECs
HUVECs were transduced with LV-GFP lentivirus (Hanbio, Inc., Shanghai, CN) as previously described [5, [38] [39] [40] [41] . Briefly, HUVECs (P3-5) were cultured in a 24-well plate (1 × 10 4 cells/well) in 10% FBS in DMEM for 48 h. The medium was then replaced with 1 mL of fresh medium and 8 µg/mL polybrene. Fifty microliters of lentivirus solution (10 7 IU/mL) was added to each well, and the plates were incubated at 37°C and 5% CO 2 for 24 h. Following incubation, the treatment medium was replaced with fresh 10% FBS in DMEM, and the cells were cultured at 37°C and 5% CO 2 until >50% confluence was reached. The transduced cells were selected using puromycin. For selection, the medium was replaced with 10 µg/mL puromycin in 10% FBS in DMEM, followed by culture at 37°C and 5% CO 2 for 24 h. The cells were subsequently washed twice with fresh 10% FBS in DMEM. Pure and transduced HUVEC cultures were expanded and stored in liquid nitrogen as previously described [42] .
Tandem fluorescent-mRFP-GFP-MAP1LC3-adenovirus transduction of HUVECs
HUVECs were transfected with Tandem fluorescent-mRFP-GFP-MAP1LC3-adenovirus (Hanbio, Inc., Shanghai, CN), a specific marker for autophagosome formation, to detect autophagy according to the manufacturer's instructions [43] . Five fields from three different cell preparations were selected. GFP and mRFP spots indicated by fluorescent puncta, as well as DAPI-stained nuclei, were counted manually. The number of spots per cell was determined by dividing the total number of spots by the number of nuclei in each field.
In vitro scratch assay
Cell migration in a 2D culture system was evaluated using an in vitro scratch assay [5] . Briefly, 1 × 10 5 HUVECs were seeded onto 24-well tissue culture plates and cultured in growth medium for 24 h until approximately 70-80% confluence. Using a sterile 200-µL pipette tip, a straight line was carefully scratched into the monolayer across the center of the well in a single direction; the tip remained perpendicular to the plate bottom throughout this process. Similarly, a second straight line was scratched perpendicular to the first line to create a cross-shaped cellular gap in each well. Each well was washed twice with 1 mL of fresh growth medium to remove any detached cells. Digital images of the cell gaps were captured at different time points, and the gap widths were quantitatively evaluated using ImageJ software.
Immunoblotting
Immunoblotting was utilized as previously described [42] with minor modifications. The cells were washed with PBS and lysed using a Mammalian Cell Lysis kit (MCL1-1KT, Sigma-Aldrich) according to the manufacturer's instructions. Western blots were probed using different antibodies. The secondary antibodies used in this study were either goat anti-mouse or anti-rabbit IgG antibodies conjugated to alkaline phosphatase (1:5,000 
MTT assay
Cell viability was measured using the 3-(4,5-dmethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) method [38] . Briefly, cells were collected and seeded onto 96-well plates. Different seeding densities were optimized at the beginning of the experiments. The cells were exposed to the I/R medium. Following incubation for different time periods (3-24 h), 20 μL of MTT tetrazolium salt dissolved in Hank's balanced salt solution was added to each well at a final concentration of 5 μg/mL, and the plates were incubated in a CO 2 incubator for 1-4 h. Finally, the medium was aspirated from each well, and 200 μL of dimethyl sulfoxide was added to dissolve the formazan crystals. The absorbance of each well was obtained using a microtiter plate spectrophotometer and reference wavelengths of 570 nm and 630 nm. Each experiment was repeated at least three times.
Hoechst staining
To quantify the number of apoptotic cells, the cells were fixed and stained with 5 μM Hoechst 33324 (Invitrogen) for 15 min at room temperature [44] . The morphological features of apoptosis (cell shrinkage, chromatin condensation, and fragmentation) were monitored using fluorescence microscopy (Nikon TE2000E microscope).
Statistics
The data are expressed as the mean ± SEM. Unpaired numerical data were compared using either an unpaired t-test (two groups) or ANOVA (more than two groups); significance was established at p < 0.05.
Results

I/R-mediated the up-regulation of iNOS in HUVECs
Because iNOS has been shown to induce cell apoptosis in different conditions, we first examined the role of iNOS in the viability of HUVECs subjected to I/R. As shown in Fig. 1A , the exposure of HUVECs to I/R resulted in significantly decreased cell viability in a time-dependent manner, which was associated with increased iNOS expression (Fig. 1B-C) . Peak iNOS expression occurred at 3 h after reperfusion, which was confirmed using immunocytochemistry (Fig. 1D) . Because iNOS expression increased following the exposure of HUVECs to I/R, we next attempted to determine the role of iNOS in the viability of HUVECs subjected to I/R. The pretreatment of HUVECs with a specific pharmacological inhibitor of iNOS, NG-Nitro-L-arginine Methyl Ester, Hydrochloride (L-NAME), for 1 hour prevented cell apoptosis 12 hours after exposure to I/R (Fig. 1E) .
iNOS induced HUVEC apoptosis via the caspase and Bcl/Bax pathways
Because the caspase and Bcl-xl pathways play crucial roles in I/R-mediated apoptosis, we next examined the involvement of these pathways in iNOS-mediated cell apoptosis. First, we examined the effect of I/R on the expression of caspase 3 and caspase 9. As shown in Figs. 2A-D, exposure of HUVECs to I/R resulted in a transient increase in the expression of cleaved caspase 9 with a peak response at 6 h, whereas I/R induced the sustained expression of cleaved caspase 3 with a peak response at 12 h. In addition to the induction of the caspase pathways, I/R also induced activation of the Bcl/Bax pathway, as indicated by an increase in Bax and decrease in Bcl-xL expression, as well as an increased Bax/Bcl-xL ratio (Figs. 2E-F) . We next attempted to determine the functional role of iNOS in the activation of apoptotic pathways induced by I/R. HUVECs were pretreated with an inhibitor specific for iNOS, L-NAME, prior to stimulation with I/R, and both iNOS expression and activation of Bax/Bcl-xL pathway was subsequently assessed. As shown in Figs. 2G-H, pretreatment of cells with L-NAME resulted in the amelioration of I/R-mediated induction of iNOS and Bax/Bcl-xL. Interestingly, L-NAME did not inhibit the up-regulation of the caspase pathway (data not shown), which suggested that iNOS may mainly activate the Bax/Bcl-xL pathway. Taken together, these findings suggested the involvement of iNOS pathways in I/R-mediated activation of apoptosis pathways.
Involvement of iNOS in I/R-mediated HUVEC migration
Endothelial cell migration is a critical component of angiogenesis [5, 7] ; thus, we next determined the role of iNOS in I/R-mediated migration. Using a scratch wound-healing assay, we determined that HUVEC migration increased following exposure to I/R, which was consistent with our previous findings (Figs. 2I-J) [5] . The increased migration induced by I/R in HUVECs was abolished by the pretreatment of cells with L-NAME, indicating the involvement of iNOS in this process.
I/R-mediated the up-regulation of autophagy in HUVECs
Mounting evidence has suggested an association between iNOS and autophagy in different settings [45, 46] , and thus, we attempted to determine the role of iNOS and autophagy in the functional change of HUVECs subjected to I/R. As shown in Fig. 3A-D , the exposure of HUVECs to I/R significantly up-regulated the expression of the autophagy markers ATG5, LC3B and BECN in a time-dependent manner. The autophagic flux was further monitored in HUVECs transduced with tandem fluorescent-mRFP-GFP-MAP1LC3-adenovirus, a specific marker for autophagosome formation, which relies on the different nature of GFP and RFP fluorescence under acidic conditions [43] . GFP fluorescence is sensitive to the acidic condition of the lysosomal lumen, whereas RFP is relatively stable under acidic conditions. 
Involvement of iNOS in I/R-mediated autophagy in HUVECs
L-NAME was applied to determine the role of iNOS in autophagy induced by I/R. As shown in Fig. 4A-B , pretreatment of HUVECs with L-NAME significantly inhibited the elevated expression of ATG5, LC3B and BECN induced using I/R. Moreover, the up-regulation of both autophagosomes and autolysosomes was decreased by pretreatment with L-NAME, which suggested that increased autophagy was associated with I/R-induced iNOS in HUVECs. (Fig.  4C-E) .
Autophagy involvement in the cell migration induced by I/R in HUVECs
To further understand the role of autophagy in I/R-induced HUVEC dysfunctions, the specific inhibitor of autophagy, 3-methyladenine (3-MA), which is a class III PI3K inhibitor that prevents autophagy at an early stage of autophagosome formation, was applied [25] . As shown in Fig. 5A -B, pretreatment with 3-MA for 1 hour attenuated the increase in cell migration induced by I/R in HUVECs, while 3-MA alone had no effect on cell migration compared with the control group. These data suggested that induction of autophagy plays a role in the up-regulation of migration after I/R treatment.
Autophagy involved in apoptosis induced by I/R in HUVECs
Next, we examined the effect of 3-MA on I/R-induced apoptosis. As shown in Fig. 6A-B,  3 -MA pretreatment prevented the increased Bax/Bcl-xL ratio induced by I/R. In addition, the sarcoplasmic and mitochondrial membranes [48] [49] [50] . A number of mechanisms have been proposed to mediate reperfusion injury, such as cellular calcium loading, a lack of reflow phenomenon, impaired vascular relaxation, and the formation of oxygen radicals [43, [48] [49] [50] . Impaired angiogenesis involves abnormalities of the microvasculature and contributes to the pathogenesis of I/R [51, 52] . However, recent studies have suggested that ischemic myocardial disease may benefit from an enhancement of angiogenic processes and the establishment of collateral circulation [2, 3, 53, 54] . In contrast to cardiomyocytes, the direct effect of I/R on endothelial cells has been less extensively researched. The aim of the current study was to investigate the role of endothelial cell-derived iNOS in cell activation and migration after I/R.
Endothelial cell dysfunction is involved in angiogenesis via different mechanisms, such as oxidative stress, inflammation and autophagy [7, 50, 55] , which affect endothelial cell activation, apoptosis, and migration [5] . Mounting evidence has suggested the role of oxidant and oxygen radical formation in this process, which serves as a critical central mechanism of post-ischemic injury [50, 56, 57] . Nitric oxide (NO), one of most important free radical and signaling molecules, plays diverse physiological and pathological roles. While low NO levels exert a number of regulatory and cytoprotective effects, higher levels are potentially toxic [50, 56, 57] . The up-regulation of iNOS, which is inducible, calcium-independent and involved in inflammation, results in excess NO production for prolonged periods of time, subsequently causing myocardial damage [57] . In the present study, we demonstrated that exposure of HUVECs to I/R resulted in the induction of iNOS, which induced cell apoptosis. Endothelial cell apoptosis was recently implicated in the initiation of angiogenesis and the regression of neo-vessels [14] [15] [16] . The functional significance of I/R-induced iNOS was examined in an in vitro model of cell migration. The exposure of HUVECs to I/R resulted in increased HUVEC migration. This effect was significantly inhibited by the specific iNOS blocker LNAME, thereby highlighting the role of iNOS in I/R-induced cell migration. These findings suggest that iNOS may be critical in the regulation of I/R injury not only in cardiomyocytes but also in endothelial cells.
To obtain a deeper understanding of the mechanisms underlying I/R-mediated induction of iNOS expression on endothelial cell dysfunction, the roles of autophagy were assessed. Previous data from our lab have suggested that MCPIP1 plays an important role in I/R-induced cell migration and apoptosis [5] . Interestingly, MCPIP1 has recently been demonstrated to have a role in the regulation of autophagy and further promote cell apoptosis [58, 59] . Consistent with our finding, in preclinical models of heart disease, cardiomyocyte autophagic flux is activated, while its role in disease pathogenesis is the subject of intense investigation to define the mechanism [60] . Moreover, the reduction of Beclin1 expression in cardiac myocytes by RNAi reduces I/R-induced autophagy, and this reduction is associated with enhanced cell survival [61] . In the current study, I/R induced a slight but significant increase in expression of the autophagy markers ATG5, LC3B and BECN, which suggests that autophagy is at least involved in I/R-induced injury. However, whether iNOS-induced endothelial cell dysfunction occurs via autophagy remains unclear. In the current study, we demonstrated that L-NAME blocked the expression of ATG5, LC3B and BECN, which are markers of autophagy. Furthermore, the autophagic flux induced by I/R was also blocked by pretreatment of HUVECs with L-NAME, which strongly indicated that iNOS induced cell apoptosis via autophagy. To further understand the role of autophagy in endothelial cell dysfunction, the pharmacological inhibitor of autophagy, 3-MA, was applied. 3-MA not only abolished the increase in cell migration but also rescued cells from I/R-induced apoptosis. These findings indicated an association between iNOS and autophagy in endothelial cell dysfunction induced by I/R.
In summary, our findings have identified a new role for iNOS in endothelial cells that activates autophagy in response to I/R. Furthermore, I/R-mediated expression of iNOS played a vital role in cell migration and apoptosis, resulting in increased angiogenesis and apoptosis during the late stages of I/R. These findings have implications for I/R among individuals with heart failure. Understanding the regulation of iNOS and autophagy may aid in the development of adjunct therapeutic strategies in the treatment of individuals with I/R.
